Abstract Acute hepatopancreatic necrosis disease (AHPND) caused by Vibrio parahaemolyticus has been one of the most problematic diseases in marine shrimp aquaculture throughout Southeast Asia and Latin America. To evaluate the effectiveness of a bacteriophage (phage) treatment for AHPND, a series of bioassays were carried out in a marine shrimp (Penaeus vannamei) model using an AHPND-V. parahaemolyticus strain that is highly pathogenic to shrimp. We monitored the mortality and histopathological changes during phage treatment. Shrimps treated with phage prophylaxis and phage therapy displayed significant protection from AHPND and survived a lethal bacterial challenge.
Introduction
Vibriosis is a major shrimp disease caused by Vibrio species and some Vibrio parahaemolyticus strains cause acute hepatopancreatic necrosis disease (AHPND), resulting in up to 100% of mortality in marine shrimp aquaculture [1] [2] [3] [4] . It has become a serious issue in shrimp aquaculture around the world, especially in China, Thailand, Vietnam, Malaysia, and Mexico [5] [6] [7] . Although antibiotics have been commonly used for prophylaxis or therapy for AHPND, the increasing incidence of antibiotic resistance has limited the effectiveness of antibiotics [8, 9] . Phages have been proposed as a control for infectious diseases in humans and animals [10] . The use of a phage as a therapeutic agent (phage therapy) is advantageous as it is natural and relatively inexpensive, without serious or irreversible side effects reported to date [10, 11] . There have been only few attempts to use phages to control bacterial infections in shrimps [12] . There is no feasible remedy reported for AHPND, and we previously noted that the development of effective treatment methods is needed [13] .
In our previous study, phage pVp-1 induced effective bacteriolysis of AHPND-V. parahaemolyticus strains from diverse regions [13] . Our aim was to determine whether this phage could be suitable for prophylactic or/and therapeutic use against AHPND-V. parahaemolyticus in the Penaeus vannamei model.
Materials and Methods

Experiment Preparations
Virulent Siphoviridae phage pVp-1, infecting AHPND-V. parahaemolyticus strains, was used [13] [14] [15] . In our Jin Woo Jun and Jee Eun Han contributed equally to this work.
& Se Chang Park parksec@snu.ac.kr previous study [13] , pVp-1 infected 90.9% (20 of 22 strains) of the AHPND-V. parahaemolyticus strains tested. Vibrio parahaemolyticus 13-028/A3 is known to be highly pathogenic, causing 100% mortality of shrimps within 24 h post-infection, and was used for the AHPND challenge [13] . SPF (Specific Pathogen Free) juvenile marine shrimps (P. vannamei, n = 96, average weight = 1.02 g) were obtained from the West Campus SPF facility, University of Arizona, Tucson, USA. Shrimps were divided into 24 groups and kept in 3 l glass tanks at appropriate conditions (water temperature 25°C; salinity 25%) for at least 72 h before experiments.
Phage Treatment of Infected Shrimps
In the first bioassay, all shrimps were challenged by bath immersion with V. parahaemolyticus 13-028/A3 (5.0 9 10 5 CFU/ml) for 24 h, except Tanks 1 and 2. Tank 1 was designated as a negative control without bacterial challenge or phage treatment; Tank 2 was designated as a phage control with phage treatment by bath immersion (1.5 9 10 6 PFU/ml) and feeding (1.5 9 10 8 PFU/shrimp) using pellets (5% of body weight) that had been impregnated with the phage suspension, but not bacterially challenged. Tank 3 was designated as a positive control with a bacterial challenge but not phage treated. Two treatment groups (Tanks 4 and 5) were fed with pellets containing the phage 1 h after the bacterial challenge. The other two treatment groups (Tanks 6 and 7) were treated with bath immersion using the phage suspension 1 h after the bacterial challenge. In the second bioassay, all conditions were the same as the first bioassay, except that the phage treatment was applied at different time points (24, 6, and 1 h prior to the bacterial challenge). In the third bioassay, the experiment was performed as for the first and second bioassays, except that the treatment groups were fed with pellets that had been impregnated with the phage at various time points (24, 6, and 1 h prior to the bacterial challenge, and 1 h after the bacterial challenge). In all bioassays, each group was monitored for symptoms of infection and cumulative mortality was recorded daily for 5 days after the bacterial challenge. Each experiment was performed twice, on separate occasions. All animal experiments were performed in accordance with 
Histopathology
A separate experiment was performed as the third bioassay for histopathology by a standardized method [16] . Histopathology was examined for the severity of infection.
Results and Discussion
In our previous in vitro study, the phage pVp-1 demonstrated substantial bacteriolytic activity against three representative AHPND-V. parahaemolyticus strains (13-028/ A3, 13-511/A1, and 13-306D/4) causing 100% mortality within 24 h post-infection [13] . We hypothesized that phage therapy can be useful against AHPND in shrimp. We used a marine shrimp (P. vannamei) model to evaluate the therapeutic effect of pVp-1 against AHPND-V. parahaemolyticus. Among three highly pathogenic AHPND-V.
parahaemolyticus strains, 13-028/A3 was selected as a bacterial challenge strain since it induced the highest efficiency of plating value [13] . The protective effects of phage administration against experimental AHPND-V. parahaemolyticus infection are shown in Table 1 . In the first bioassay, no promising result was achieved: all treatment groups showed 100% mortality without retardation of disease progression compared to the positive control group that was bacterially challenged but not treated with the phage (Table 1) . We suggest that this was due to the extremely rapid progression of AHPND, so that the time delay of the phage treatment (attachment of phage to bacteria) resulted in decreased efficacy of protection.
The second bioassay was modified to evaluate the prophylactic effect of the phage. In this experiment, shrimps treated with the phage showed lower mortality rates than those in the positive control group. Cumulative mortality rates were 50% following phage treatment by phage-impregnated feeding, and 25 and 50% following phage treatment by bath immersion (Table 1) . Although the two bioassays indicated that prophylactic application of pVp-1 is more effective than the therapeutic application, we added another bioassay to examine if the combination of these procedures can reach a higher level of protection. In the third bioassay, the protective effect of the phage was evaluated after prophylactic and therapeutic administration. In the treatment groups, the phage was administered by only one method, feeding with phageimpregnated pellets. In most aquaculture environments, the oral method is considered a cost-effective and realistic method of large scale administration, which is suitable for shrimp farms.
Shrimps in the positive control groups showed 100% cumulative mortalities within 48 h post-bacterial challenge. In addition, administration of the phage by either feeding or bath immersion (phage control) did not affect the physical condition or survival of experimental shrimps during the week of observation.
Histological analysis of the hepatopancreas from shrimps was carried out to diagnose AHPND. In the positive control group, histopathological features of shrimps showed typical AHPND signs; the acute sloughing of hepatopancreatic tubular epithelial cells is evident (Fig. 1c) . However, histopathological examination of the hepatopancreas of phage-treated shrimps revealed a significant recovery of AHPND lesions following prophylactic and therapeutic treatments (Fig. 1d) . Also, histopathological features of shrimps in negative control (Fig. 1a) and phage control (Fig. 1b) showed the normal appearance of the hepatopancreas.
As Republic of Korea is officially AHPND-free country, AHPND-related study is not permitted by law; the current study was performed in OIE reference laboratory for crustacean diseases in United States. Although the number of animals used in vivo experiment was limited, significant result of phage treatment was observed from AHPND infection. In our previous studies, the administration of pVp-1 did not cause any harm to mice or oysters during the observation period [14, 15] . In the present study, a considerable degree of mortality was observed in the phagetreated shrimps, as the progression of AHPND is extremely rapid. The timing of phage addition in relation to pathogen development is a crucial factor in the case of vibriosis [15] , which may be resolved by more frequent administration of the phage.
